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ABSTRACT: Prairie pothole lakes (PPLs) are naturally sulfur-enriched wetlands in the
glaciated prairie region of North America. High sulfate levels and dynamic hydrogeochemistry
in combination render PPLs a unique environment to explore the speciation of sedimentary
sulfur (S). The goals of this research were to define and quantify the solid-phase S pools in
PPL sediments and track seasonal dynamics of S speciation. A quantitative X-ray microprobe
method was developed based on S 1s X-ray absorption near-edge structure (XANES)
spectroscopy and multienergy X-ray fluorescence mapping. Three S pools−pyritic S, reduced
organic S (organic mono- and disulfide), and oxidized S (inorganic sulfate, ester sulfate, and
sulfonate)−were identified in PPL sediments. No significant seasonal variation was evident for
total S, but S speciation showed a seasonal response. During the spring−summer transition,
the reduced organic S decreased from 55 to 15 mol %, with a concomitant rise in the oxidized
S. During the summer−fall transition, the trend reversed and the reduced organic S grew to 75
mol % at the expense of the oxidized S. The pyritic S, on the other hand, remained relatively
constant (∼22 mol %) over time. The seasonal changes in S speciation have strong potential to force the cycling of elements such
as mercury in prairie wetlands.

■ INTRODUCTION
The Prairie Pothole Region (PPR), which extends from
northwestern Iowa in the United Sates into central Alberta in
Canada, features numerous small, shallow water basins typically
referred to as prairie pothole lakes (PPLs).1 These potholes and
related aquatic ecosystems comprise one of the largest
grassland ecoregions on Earth and play a prominent role in
sustaining the biodiversity and productivity of the PPR.1 Since
their formation during the late Pleistocene glaciation, PPLs
have experienced long-term hydrogeochemical evolution.2,3

High levels of sulfate are frequently detected in PPL water
columns,2,4−6 which has been ascribed to recharge by
oxygenated groundwater circulating through pyrite-bearing
glacial till over long periods of time.7,8 Microbially driven
sulfate reduction is postulated as a key process in PPLs.9−11

Field observations have also confirmed that anoxic sediments in
PPLs support microbial communities involved in sulfate
reduction.12 Thus, PPL sediments potentially serve as an
important reservoir for sulfur (S), and S speciation is likely to
be temporally variable due to the dynamic nature of PPLs.12

A holistic picture of S cycling in PPLs is essential to
evaluating the ecosystem functions of these water bodies for
several reasons. First, several studies concerned with mercury
(Hg) occurrence in the PPR have measured elevated
concentrations of methylmercury (MeHg) in water sampled
from diverse prairie wetlands as well as invertebrates in these
systems.13−15 In anoxic sediments, sulfate-reducing micro-
organisms stimulate Hg methylation to form MeHg.16−18

Meanwhile, reduced organic S represents a major pool of high-

affinity binding sites for both Hg and MeHg.19−27 Character-
ization of S speciation dynamics in PPL sediments, therefore, is
of indisputable relevance for predicting the methylation rate,
mobility, and bioavailability of mercury in prairie wetlands.
Second, PPL water levels fluctuate widely in response to
interannual and intraannual wetting and drying cycles,28 which
has been recognized as the sensitivity of prairie ecosystems to
climate variability.29 Low water and occasional drying of the
lake bottom may expose previously anoxic sediments to
oxygen,9 causing the dissolution of sulfide minerals such as
pyrite upon reoxidation.10,30,31 Assessing likely consequences of
such processes, mainly leaching of acidity and heavy metals,
requires knowledge of S speciation in PPLs. Third, the
landscape of the PPR has been severely altered by extensive
historical and ongoing drainage of PPLs associated with
expanding agricultural activity.32 Remaining and restored
PPLs often trap nonpoint source pollutants, particularly
pesticides and fertilizers, from adjacent farmland.33−36 The
redox-active entities present in PPL sediments, most likely
sulfide minerals, can promote the abiotic degradation of
pesticides.37 Hence, an improved understanding of the identity
and abundance of reactive S species in PPL sediments would
reveal new insights into the natural attenuation of pesticides.
Fourth, recent research has demonstrated that prairie wetlands
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are landscape-scale hotspots for methane emissions.38−40 The
release of methane from PPLs is strongly correlated with sulfate
reduction in sediments, which is thought to trigger the onset of
methane production.39,40 Elucidating S speciation in PPL
sediments is not only crucial for accounting for the effect of S
cycling on methane fluxes across the prairie landscape but also
the development of regionally specific assessments on the net
greenhouse gas budget.
The speciation of S is a critical determinant of S

biogeochemistry. The dynamic cycling of diverse reduced and
oxidized S forms (i.e., ranging from −2 in sulfide to +6 in
sulfate) in sedimentary environments involves a complex
interplay of sulfate reduction, diagenetic S interconversion,
and biogenic S deposition.41−43 Existing knowledge of S in
geochemical materials heavily relies on the application of
selective sequential extraction methods, which provide a useful
but operationally defined view of solid-phase S rather than
direct speciation data.44 Furthermore, extraction-based meth-
ods are prone to artifacts associated with sample integrity loss
and reagent selectivity.45,46 Synchrotron-based X-ray absorption
near-edge structure (XANES) spectroscopy has, in recent years,
emerged as a nondestructive and element-sensitive technique
for describing the speciation and distribution of S and other
elements at the microscale.47 Despite the utility of S 1s XANES
spectroscopy, only one study has applied this technique to
semiquantitatively describe the solid-phase S speciation in
hydric prairie wetland soils.31

Previous environmental applications of XANES analyses have
mainly focused on (1) determining the bulk average speciation
of an element for a sample (i.e., bulk spectroscopy) or (2)
examining elemental speciation at a point location within a
sample using a microprobe instrument (i.e., point spectra).
Neither approach adequately captures the heterogeneity of
elemental speciation present within a complex sample.48,49 One
key objective of this study was to quantify the S species in PPL
sediments by developing a S chemical mapping protocol that
integrates multienergy X-ray fluorescence (XRF) mapping with
point XANES spectra to ground truth the chemical map. For
each sample, XRF maps were collected at multiple energies
spanning the S 1s absorption edge. Individual XRF maps were
then aligned to create a composite S chemical map having a
seven-point absorption spectrum at each pixel within the area of
interest. The S chemical maps were fit with reference XANES
spectra of identified S species to extract quantitative
information on S speciation. A similar approach has recently
been applied to quantify the iron speciation in heterogeneous
geochemical samples such as water-rock reaction media,48

suspended marine particulates,49 hydrothermal plume par-
ticles,50 and oceanic crust.51

■ EXPERIMENTAL SECTION
Sample Collection and Preparation. A series of lake

sediment cores were collected from two adjacent PPLs (Lakes
P1 and P8) in the U.S. Geological Survey (USGS) Cottonwood
Lake study area, Jamestown, ND [Supporting Information (SI),
Figure S1], during January, April, June, and September 2010
(hereafter referred to as P1Jan/Apr/Jun/Sep and P8Apr/Sep).
Further descriptions of the site, core collection and processing,
and sediment sample preparation for S XANES spectroscopy
are provided in the SI.
XRF Mapping and XANES Spectra Acquisition.

Acquisition of XRF maps and XANES spectra was performed
at the microprobe beamline 10.3.2 of the Advanced Light

Source, Lawrence Berkeley National Laboratory (Berkeley,
CA),52 during November 2011 and May 2012.
During the 2011 analyses, samples P1Sep and P8Sep were

analyzed to obtain baseline information about the major S
species in PPL sediments. XRF maps were acquired by
scanning a 2000 μm × 1000 μm region of interest on samples
at two incident X-ray beam energies of 2472.8 and 2482.5 eV
using a Si(111) double crystal monochromator with a beam
spot size of 15 μm (horizontal) × 6 μm (vertical).52 These two
energies were chosen to represent the white-line peaks of
common reduced and oxidized S species, respectively. The
absolute energy of the monochromator was periodically
calibrated against the white-line peak of gypsum (2482.74
eV) at a precision of 0.15 eV. The sample holder was mounted
at a 45° angle to the incident beam, and the signal was recorded
at an angle of 90° using a seven-element germanium detector in
fluorescence mode.52 Samples were run with helium in the I0
chamber to minimize the beam attenuation by air.52 Counts in
15 spectral regions of interest were recorded for each map,
including S (2120−2350 eV). The distance of the detector
relative to the sample was finely adjusted for optimal S counts.
The fluorescence signal was collected for each pixel of the map
with a scan step of 8 μm × 8 μm, a dwell time of 120 ms, and a
monochromator settling time of 500 ms between horizontal
scan lines. For each sample, both XRF maps were deadtime
corrected, resized, registered, and stacked to create a single
dual-energy composite S map using custom beamline
software.52 The composite S maps were subsequently used to
identify S-rich points of interest (POIs, bright and diffused
spots with S counts >2000) for XANES scans. For each POI, at
least two XANES scans were acquired in the energy range
between 2420 and 2625 eV, with a 0.2 eV step size in the
XANES region (2465−2486 eV) and coarser step sizes (1 and
2 eV) in the pre-edge and post-edge regions. Examination of
successive scans acquired at the same POI showed no apparent
changes in spectral shape, thereby suggesting the negligible
radiation damage of samples.
During the 2012 analyses, multienergy XRF maps for

samples P1Jan, P1Apr, P1Jun, and P1Sep were acquired by
sequentially scanning a 1000 μm × 1000 μm region of interest
at seven incident beam energies across the S 1s (2466, 2472.2,
2473.5, 2478.5, 2481.2, 2482.6, and 2520 eV). The lowest
(2466 eV) and highest (2520 eV) energies were used to
determine the background and total counts in the S channel.
This approach generates an energy-dependent absorption
profile at each pixel within the region of interest and will be
referred to as “chemical mapping”. The five intermediate
energies were selected using an error estimator program to best
distinguish spectral features of different S species based on the
XANES spectra acquired on P1Sep and P8Sep samples during
the 2011 analyses (detailed below). The resulting multienergy S
chemical maps for each sample were used to guide the selection
of S-rich POIs on which to acquire XANES spectra as described
above. For comparison purposes, S chemical maps for samples
P8Apr and P8Sep were also acquired for a 600 μm × 600 μm
region of interest.
For the acquisition of S reference XANES spectra, a thin

layer of finely ground S compound was spread onto a
conductive graphite tape and the signal was recorded in total
electron yield mode to minimize overabsorption effects.53

Reference XANES spectra were collected for eight S
compounds [i.e., 1-amino-2-naphthol-4-sulfonic acid (ANSA),
L-cysteine, DL-homocysteic acid, L-methionine, DL-methionine
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sulfoxide, sodium dodecyl sulfate (SDS), sulfanilamide, and 2-
thiophenecarboxylic acid]. These spectra were compiled with
seven donated spectra (i.e., L-cystine, elemental sulfur, greigite,
mackinawite, pyrite, sodium sulfite, and sodium thiosulfate54,55)
to generate a reference database that was used for fitting
XANES spectra and chemical maps. Of the donated spectra,
only greigite, mackinawite, and sodium thiosulfate were
collected on a different beamline and reprocessed for use.54

The selected S reference compounds exhibited distinct spectral
features (e.g., energies and intensity of white-line peaks)
relative to one another and represent the S species frequently
encountered in sedimentary environments (Table S1 and
Figures S2 and S3, SI).
XRF Map and XANES Spectra Analysis. All experimental

S XANES spectra were deadtime corrected and energy
calibrated, followed by the preedge background subtraction
(2420−2466 eV) and step-edge height normalization to unity
(2520−2625 eV). Normalized spectra were submitted to a
principal component analysis (PCA) using SixPACK56

following previously published protocols.57 The number of
spectral components present in sample XANES spectra was
evaluated with the local minimum IND value (an indicator for
the number of components used for fitting) and the quality of
reconstruction of the S reference spectra by target trans-
formation with the SPOIL value (an indicator for the increase
in the fit error when replacing a component),53,58,59 which
provides a statistical basis for defining the most appropriate
subset of S references for spectral fitting.60 Reference
compounds with smaller SPOIL values were ranked as the
high priority predictors for subsequent least-squares linear
combination fittings (LCF). The fitting of XANES spectra was
performed with linear combinations of reference spectra over
the energy range of 2460−2560 eV using custom beamline
software,61 with the sum of the total S species not constrained
to unity and minor energy shifts permitted (±0.3 eV). The fit
quality was evaluated with the normalized sum-squared residual
(NSS), and the addition of a component was justified when
NSS decreased by at least 10%. The quantification error was
estimated to be ±10 mol % after accounting for uncertainties
associated with data collection and reduction as well as the
spectral representativeness of the chosen S reference
compounds.55,62 The results of the best fit were taken to

indicate the S oxidation state and functional moiety rather than
actual specific S-bearing compounds.
For quantitative chemical mapping analyses, multienergy S

chemical maps were fitted using S reference spectra along with
a background spectrum from a sample blank (XRF tape and
Mylar X-ray film). The fitting procedure essentially took a
seven-point XANES spectrum at each pixel in the map and fit
that spectrum with a linear combination of the seven-point
XANES spectra of the reference compounds.63 The fit quality
was evaluated with the whole-map mean squared error. A
conservative error estimate of ±10 mol % was calculated using
custom beamline software based on the degree to which
normalized absorption differed for S reference spectra at the
chemical map energies used. The total count of each S species
was calculated by summing the counts from all pixels in the
corresponding chemical map channel and normalized by the
mapping area. The area-normalized counts were further
corrected by subtracting the background counts from sedi-
ment-free areas of the prepared sample. The background-
subtracted counts were converted to the relative proportion of
each S species in the map.

■ RESULTS AND DISCUSSION

Chemistry of PPL Surface Water, Sediment Pore-
waters, and Sediments. The chemistry of bulk surface water
and sediment porewaters from P1 and P8 has been previously
characterized6,37,64 and selected results are presented in Table
S2 (SI). In general, PPL surface water contained high sulfate
(5−30 mM) with pH ∼8.0. Hydrogen sulfide and dissolved
iron were nondetectable. PPL sediment porewaters had a
similar pH range and contained high sulfide levels (0.9−2.4
mM) but low sulfate (0.4−1.0 mM). Elevated concentrations of
polysulfides, sulfite, and thiosulfate have also been measured in
the porewaters.37 The dissolved organic carbon (DOC)
concentrations in porewaters (6−10 mM) were typically 2−3
times greater than those measured in the surface water (1.8−
3.2 mM), while the dissolved iron was low (<1 μM). A
selection of depth profiles (pH, sulfate, sulfide, and DOC) is
presented in Figure 1 for P1Sep and P8Sep sediment
porewaters. The porewater pH was near neutral (7.0−8.0) for
all depths. The surficial porewater sulfate concentration (7−23
mM) fell in the same range with overlying water, but decreased
with increasing depth and stayed consistently low (<1.0 mM)

Figure 1. Depth profiles of pH, sulfate, sulfide, and DOC for P1Sep and P8Sep sediment porewater samples. The sediment−water interface is
dictated by “0 cm”. Error bars represent one standard deviation of duplicate samples; where absent, only one sample was analyzed. DOC data were
averaged from values reported by Ziegelgruber.67
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below ∼10 cm. The porewater sulfide front showed an inverse
trend, reaching its near-maximum by ∼5 cm and remaining
relatively constant downward. Similarly, the porewater DOC
concentration displayed a downcore increase with a median of
9.5 mM. The disappearance of porewater sulfate with a
progressive increase of sulfide indicates that sulfate reduction
commenced at the top few centimeters of the sediment−water
interface. Below 10 cm in depth, however, the depletion of
sulfate coupled with the saturation of sulfide signifies that
sulfate reduction was inhibited, and methanogenesis might
dominate the organic matter mineralization.65,66 Collectively,
porewater redox zonation suggests that suboxic conditions
existed within the near-surface portion while anoxic conditions
persisted throughout the deeper layers of PPL sediments. The
chemistry of bulk P1 and P8 sediments is summarized in Table
S3 (SI). All sediment samples were characterized by high total
S (12.5−13.4 g/kg) and organic carbon content (262−269 g/
kg), which fall at the upper end of the data range reported for
other lake sediments.41 Given the high S/C ratio (∼0.05) and
iron content (∼1.8 wt %), both organic S and iron sulfide

species were expected to constitute the bulk of S in PPL
sediments (see the SI for additional discussion).

Energy Optimization for Chemical Mapping. Figure 2
presents the dual-energy composite S maps and XANES spectra
of P1Sep and P8Sep sediment samples. Within a distance of
several hundred micrometers, the S aggregates vary between
dominantly oxidized and reduced S species (Figure 2a,b), which
calls for the need to apply chemical mapping capable of
representing the heterogeneity of S speciation within a sample.
The S XANES spectra typically contain two distinct absorption
bands, mainly corresponding to the reduced S and the highly
oxidized S (Figure 2c,d). The first band near the 2470−2475
eV region could be assigned to inorganic (e.g., pyrite) and/or
organic (e.g., thiol) reduced S species, while the second band
near the 2480−2485 eV region probably originated from highly
oxidized S species (e.g., sulfonate or sulfate). Other
intermediate S species might also exist in the samples as locally
concentrated minor components that could not be resolved
from the major features in these spectra. Earlier research using
S XANES has identified various inorganic and organic S species

Figure 2. Identification of major S species in P1Sep and P8Sep sediment samples: (a and b) bicolor composite S maps (energies at 2472.8 and
2482.5 eV) of P1Sep and P8Sep, respectively; (c and d) XANES spectra and LCF analyses of POIs on P1Sep and P8Sep, respectively; (e) fractional
contribution of S species calculated from the LCF analyses of averaged XANES spectra of P1Sep and P8Sep, respectively, with the sum of all S
species normalized to 100 mol % (Table S6, SI); and (f) overplot of XANES spectra of four S reference compounds. Light blue lines in panels c, d,
and f dictate five intermediate mapping energies at which S chemical maps were scanned.
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in soils and sediments as well as their organic matter extracts
(Table S4, SI). Such variation in S species was also supported
by results from PCA-target transformation analyses of the
P1Sep and P8Sep samples (Table S5, SI).
To derive quantitative information about different S species

present, XANES spectra were fit using a suite of S reference
spectra (Table S6, SI). In this context, it is noted that the S
reference compounds used in LCF only function as proxies for
different S functional groups, and the quantitative analysis of an
XANES spectrum aims to estimate the fractional contribution
of these functional groups rather than individual compounds in
a sample. Thus, a satisfactory fit does not necessarily imply that
the chosen reference compounds actually exist in the sample,
whereas a poor fit may indicate the presence of additional S
species that are not well represented by the reference
compounds used. Knowledge of the sediment chemistry
along with PCA-target transformation analysis makes this
database-dependent approach more robust. According to the
LCF analyses of XANES spectra (Figure 2e), the P1Sep sample
contained significant thiol (58 mol %) and a lesser proportion
of pyrite (20 mol %). The oxidized S was less abundant than
the reduced S and characterized by sulfonate (10 mol %) and
ester sulfate (12 mol %). The dominant S species in the P8Sep
sample were not statistically different from those found in
P1Sep and consisted of thiol (55 mol %), pyrite (19 mol %),
sulfonate (16 mol %), and ester sulfate (9 mol %). The types of
S species identified herein corroborate findings from an earlier
study characterizing hydric prairie wetland soils, which
suggested that pyrite and organic monosulfide comprised the
main portion of the reduced S, while sulfonate and inorganic
sulfate constituted a significant fraction of the oxidized S.31

Consequently, the white-line peaks of pyrite (2472.2 eV),
cysteine (2473.5 eV), ANSA (2481.2 eV), and SDS (2482.6
eV) along with an intermediate energy (2478.5 eV) were

chosen for use in the subsequent multienergy S chemical
mapping (Figure 2f).

Seasonal Dynamics of Sulfur Speciation. One particular
goal of this research was to quantify the S pools in the
sediments of PPLs. To track the seasonal dynamics of S
speciation in PPL sediments, XRF maps were collected at seven
incident energies for both P1 and P8 sediment samples, with
XANES scans acquired on four P1 samples to ground truth
chemical map fit results. Figure 3 presents the multienergy S
chemical maps and XANES spectra of P1Jan, P1Apr, P1Jun,
and P1Sep samples. The PCA-target transformation analyses of
XANES spectra are summarized in Table S7 (SI). Results on S
speciation from the fits to chemical maps (Table S8, SI) and
XANES spectra (Table S9, SI) are compiled in Table S10 (SI).
The chemical map results for the P8Apr and P8Sep samples
(Table S10 and Figure S4, SI) show similar S speciation
patterns as for the P1 samples.
According to the chemical map fitting and S XANES

verification of the fit results, three basic S pools were identified:
(1) pyritic S, (2) reduced organic S, and (3) oxidized S. The
“pyritic S” pool contained S with spectral properties consistent
with pyrite. The “reduced organic S” pool consisted of S with
spectral properties consistent with organic monosulfide
(cysteine as the reference material) and disulfide (cystine as
the reference material) and will be referred to as “reduced org-
S” in the following discussion. The “oxidized S” pool consisted
of S with spectral properties consistent with inorganic sulfate
(gypsum as the reference material) and ester sulfate (SDS as
the reference material). For simplicity, the rarer sulfonate
signals (<10 mol % in just two samples) observed were totaled
with sulfate in the oxidized S pool during interpretation of the S
chemical mapping data [Table S10 (SI) and Figure 4].
At P1, although the sediment total S and total organic carbon

stayed relatively constant, the chemical mapping data reveal
that S speciation changed as a function of season. Of the three S

Figure 3. Multienergy S chemical maps and XANES spectra of P1 sediment samples: (a, c, e, and g) tricolor multienergy S chemical maps (energies
at 2472.2, 2473.5, and 2482.6 eV) of P1Jan, P1Apr, P1Jun, and P1Sep, respectively, and (b, d, f, and h) XANES spectra and LCF analyses of POIs on
P1Jan, P1Apr, P1Jun, and P1Sep, respectively.
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poolspyrite, reduced org-S, and oxidized Sonly pyrite
remained constant within the ±10 mol % error estimate for the
four samples over the year. When all data are considered, the
results offer compelling evidence for major exchange between
two S pools, reduced org-S and oxidized S, on a seasonal scale
[Figure 4 and Table S10 (SI)]. During the winter−spring
transition (P1Jan to P1Apr), the reduced org-S pool increased
(from 43 ± 10 to 55 ± 10 mol %) and was accompanied by a
decrease of similar magnitude in the oxidized S pool (from 34
± 10 to 21 ± 10 mol %). During the spring−summer transition
(P1Apr to P1Jun), the reduced org-S pool declined sharply
(from 55 ± 10 to 15 ± 10 mol %) while the oxidized S pool
increased (from 21 ± 10 to 55 ± 10 mol %). During the
summer−fall transition (P1Jun to P1Sep), the reduced org-S
pool grew significantly (from 15 ± 10 to 75 ± 10 mol %) at the
expense of the oxidized S pool (from 55 ± 10 to 13 ± 10 mol
%). Seasonal variation in S speciation within P1 sediments may
be, at least in part, regulated by sulfate reduction, especially
during the summer−fall transition. The sulfate reduction rate
(SRR) is closely coupled to temperature, the supply of labile
organic matter, as well as the redox status of sediments,68−75

and increases in the SRR are often out of phase with the
accumulation of reduced S.74,76−78 Specifically, the SRR peaks
in the summer due to elevated temperature and/or higher
availability of organic substrates after the spring bloom, while
the accumulation of reduced S only becomes apparent later in
the fall.74,76,78 Most studies advocate fast reoxidation of sulfide
during the summer, mainly promoted by the intensified
downward diffusion of dissolved oxygen into surficial sedi-
ments,79,80 as a likely cause for the observed seasonal
delay.71,73,81,82 A similar scheme may hold for the seasonality
of S speciation in P1 sediments. Further evidence comes partly
from the fact that the sulfide concentration in the bulk P1Sep
sediment porewaters doubled that measured in the P1Jun
porewaters (Table S2, SI). The current study thus highlights
the need to further constrain the redox-induced cycling of S in
PPLs by tracking the temporal trend of the SRR.
Pyritic Sulfur Pool. Pyrite (FeS2) was a primary

contributor to the reduced S in PPL sediments, suggesting
that the sequestration by reactive iron was an important S sink.

Pyrite ubiquitously occurs in riverine,54 lacustrine,83,84

estuarine,85 and marine sediments.86−88 Although a detrital
origin of sedimentary pyrite is possible,84 its prevalence is more
likely explained by diagenetic reactions involving hydrogen
sulfide or polysulfides.89 The presence of pyrite in hydric prairie
wetland soils was previously shown, but its relative abundance
to reduced org-S species was unresolved.31 It should be pointed
out that iron−thiolate complexes (Fe−S−R) found in metal-
loproteins of organisms may produce spurious features of iron
sulfides in XANES spectra.90,91 Thus, the fit results for pyrite in
this study must be interpreted with caution in the absence of
detailed mineralogical characterization. While the magnitude of
the pyrite pool in PPL sediments did not change appreciably,
the S chemical mapping and XANES data are not sufficient to
conclude that the pool was unreactive over the course of the
study.

Reduced Organic Sulfur Pool. Thiol (R−S−H) and
disulfide (R−S−S−R′) were the quantitatively dominant
reduced org-S in PPL sediments. Previous studies on estuarine
and marine sediments as well as hydric prairie wetland soils
have documented that organic sulfides (e.g., thiol, mono-, di-,
and polysulfides) contribute up to 70% of the total S.31,83,85,88

In sedimentary environments, thiols form via the addition of
hydrogen sulfide or polysulfides onto functionalized organic
matter92 and undergo intermolecular reactions to form organic
monosulfide (R−S−R′).93 Thiol and organic monosulfide may
also originate from decaying organic matter due to their
ubiquity in living organisms (e.g., amino acids cysteine and
methionine).94,95 On the other hand, organic disulfide can form
through the intermolecular cross-linking of two thiol groups
upon oxidation.96 The strength and rigidity of such disulfide
cross-linking likely enhance the stability of organic matter.97,98

It should be noted that the S 1s XANES does not allow an
assessment of the relative amounts of thiol and organic
monosulfide in the reduced org-S pool because of their similar
white-line peaks and spectral features (Figures S2 and S3, SI).99

In this study, the inclusion of both species in the LCF caused
one to increase and the other to decrease simultaneously. Thus,
the fit results derived from cysteine should be interpreted as the
joint contribution from thiol and organic monosulfide.

Oxidized Sulfur Pool. Sulfate was the principal oxidized
form of S found in PPL sediments. Previous research has
mainly detected ester sulfate (R−O−SO3

−) in lacustrine,84

estuarine,85 and marine sediments.87,88 Inorganic sulfate
(SO4

2‑), however, seemed to predominate hydric prairie
wetland soils (39−43%).31 In sedimentary environments,
sulfate may exist in multiple forms, including ester sulfate,
inorganic sulfate, and carbonate-hosted sulfate, and each of
these is differentiated by subtle differences in their XANES
spectra.100 More specifically, ester sulfate exhibits a splitting in
its white-line peak induced by the asymmetry of S coordination
environment, while carbonate-hosted and inorganic sulfate have
a more symmetric white-line peak but exhibit additional
features in the postedge region.83,101 Although SDS typically
yielded better fits than gypsum in this study, the inclusion of
both species in the P1Jan and P1Jun samples improved the
fitting quality, pointing to the coexistence of ester and inorganic
sulfate.
Sulfonate was only present in the P1Sep and P8Sep samples

as a minor component of oxidized S. The widespread
occurrence of sulfonate in marine and estuarine sediments
has been reported.85,87,88,93 Significant amounts of sulfonate
have also been identified in hydric prairie wetland soils (17−

Figure 4. Fractional contribution of pyrite, reduced organic S, and
oxidized S in the P1 sediment samples with the sum of all S species
normalized to 100 mol %. Stacked bars plotted on the basis of data in
Table S10 (SI). Error bars represent an error estimate of ±10 mol %.
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31%).31 Sulfonate has various biochemically important
structural analogues in living organisms (e.g., amino sulfonic
acid taurine) and may be directly introduced into sediments
from decaying organic matter.85,87 Alternatively, sulfonate may
form upon the oxidation of thiol or organic disulfide or the
reaction of sulfite or thiosulfate with organic matter.88,102

Unlike organic sulfides, which are often associated with highly
labile organic matter, sulfonate tends to associate with less
labile phases of organic matter and is more resistant to
mineralization or transformation.103 In this study, the low
abundance of sulfonate in PPL sediment samples is presumably
consistent with either low production or rapid consumption
and does not provide clear evidence for its importance.
Environmental Implications. One of the major weak-

nesses of microprobe techniques is the uncertainty in making
representative observations; therefore, quantification has been
difficult or impossible. Because the goal for this study was to
quantif y, not just describe, the changes in S speciation among
samples, the need for a greater number of representative
observations was clear. As a result of the chemical mapping
approach developed, the number of observations (n) improved
from n = 5−10 (point XANES) to n > 400 000 (points in a
single chemical map), thereby creating a more complete picture
of the S composition of a sample. In practice, the chemical
mapping approach also yields point XANES, which are used to
validate the chemical map rather than representing a stand-
alone data set. As a leap forward from the standard bulk
XANES, the chemical mapping adds a new dimension to
capturing the within sample variability, in that both locally
concentrated and diffusely spread S species can be spatially
resolved yet instantly and intimately coupled. The development
of micro-XAS tools that can describe elemental speciation in
naturally heterogeneous materials, as well as provide
quantification, indicates that these synchrotron-based ap-
proaches are now ready to contribute to major advances in
the field of biogeochemistry.
In regard to S biogeochemical cycling in PPLs, the

seasonality of S speciation observed herein could have
profound effects on the storage, transformation, and mobi-
lization of contaminants such as Hg in prairie wetlands. For
instance, during the spring−summer transition, the sequestra-
tion of Hg by reduced org-S may be impeded as organic sulfides
become less abundant in PPLs. This release of Hg would
immediately precede a large accumulation of sulfate and the
onset of the methylating activity of sulfate-reducing micro-
organisms. Thus, the seasonal S cycling is poised to indirectly
regulate Hg inventory in PPLs. The quantification of lake
sediment S species achieved in this study provides an essential
window into the seasonal variation in S speciation and shows
strong potential to unlock our understanding of processes
driving other elemental cycles, such as Hg. Further character-
ization of lake sediments representing a full range of
depositional heterogeneities, however, is a necessary prereq-
uisite for unraveling changes in S speciation occurring under
differing sedimentation patterns, organic matter load, and redox
dynamics. In a broader biogeochemical context, the S chemical
mapping approach may find ready application in and facilitate
the prediction of S cycling in estuarine and marine sediments
and marine water column particles, as well as soils.
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